Here, we report a simple way to prepare stretchable polypyrrole (PPy)-based actuator materials that can be operated over a wide dynamic strain range and generate useable actuation displacements and pressures. The stretchable actuators were prepared as a laminated composite of PPy and a gold-coated roughened rubber sheet. By manipulating the corrugated surface of the rubber substrate, the stretchability of PPy was greatly improved. Gold-coated rubbers could be stretched to 30 percent without significant change in electrical resistance. The corrugated PPy/gold/rubber laminates successfully showed -1 percents of actuation strain even when prestretched to 24 percent. The actuation strains were smaller than for similar free-standing PPy films and a detailed analysis of the effects of corrugation and of the rubber substrate are presented to predict actuation strain under various prestretch strains. Correspondence to: Geoffrey M Spinks (E-mail: gspinks@uow.edu.au) (Additional Supporting Information may be found in the online version of this article.)
INTRODUCTION
Wearable actuators are potentially useful in assisting or enhancing human movement.
They can be used, for example, in exoskeletons for training, 1 therapy, 2 and assisting with functional activities of daily living. 3, 4 Such devices, however, have to be compact, robust, lightweight and offer a suitable interface between the device and the operator's soft tissues, as well as provide easy control strategies. Wearable actuators also require stretchable electronics where the circuit can sustain large deformations without electrical failure or detrimental loss of performance. [5] [6] [7] The property requirements for stretchable electronics vary depending upon the final application. For example, 10 to ~30% of strain is reported to be needed for stretchable displays, 8 ~20% for flexible solar cells, 9 ~120% for super capacitors, 10 and ~100% for batteries 11 and dielectric elastomer actuators. 12 In each case, the strain should occur without significant mechanical or electrical failure.
It is desirable to fabricate stretchable electronic circuits with the highest conductivity possible in order to reduce resistance losses and maximize performance. However, most good electrical conductors, like metal, silicon, or carbon nanotubes (CNTs), are very stiff and not stretchable. Typical free standing thin metal films can fracture at tensile strain below 1%. 13 The strategy of fabricating stretchable electronic substrates is to ensure that the conductor materials maintain a low strain and avoid damage during stretching. To realize such a strategy, it is typical to use an elastomer as a substrate and thin conductor coatings. Elastomer substrates allow reversible deformation to high strain, and are well suited to stretchable, bendable and roll-up electronics. To provide high stretchability in the conducting material a patterned metal/elastomer bilayer composite is commonly used. 14, 15 Corrugated structures provide extra tolerance during stretching and hence the electrical connection will remain even 3 to strains of tens of percent. Corrugated structures can be realized by releasing a pre-stretched metal coated elastomeric substrate. 16, 17 Wrinkles form spontaneously after removing external stress due to the mismatching elastic modulus between the metal and substrate. Those selfgenerated, randomly formed or non-optimized wavy structures can usually accommodate a strain of 20 to ~30% without electrical degradation. 17, 18 Some more carefully engineered corrugated shaped structures even allow strain of up to 100% without loss of conductivity. 
Sample Preparation
Sandpaper (P120, P240, P600, P1200) was dipped into diluted liquid rubber (80% in water by weight) and then cured at 40°C overnight. The rubber sheets could be easily peeled off the sandpaper such that the surface roughness was set by the sand paper grit size. The roughened side of the rubber sheet was sequentially coated with 40 nm thick gold by sputtering and then PPy deposited at -31°C, 0.1 mA/cm 2 for 12 hours by a galvanostatic electropolymerization. The fabrication steps are illustrated in Figure 1 .
5

Actuator Testing
Actuation tests for PPy/rubber samples were performed in 0.1 M Li.TFSI/PC electrolyte using a conventional three electrode set-up. A reticulated vitreous carbon foam counter electrode and Ag|Ag + reference electrode were used. Tests were performed either on free-standing sheets in an isotonic (constant tensile force) mode or isometrically with the rubber sheet wrapped tightly around a solid cylinder. During the isotonic actuation tests, when potential was applied, the change in length at a fixed applied force was measured by a lever arm dual mode force/distance transducer (305B, Aurora Scientific). The actuation strain was first measured at the lowest stress (based on the entire film thickness of ~1 kPa), and then the load was increased stepwise and the actuation test repeated at each load increment.
This process was repeated until failure of the sample occurred.
To check the pressure generated under isometric conditions, a PPy/gold/rubber band (PPy surface towards the outside) was wrapped around a solid cylinder using low tension and joined securely at its ends. The wrapped cylinder was immersed in an electrolyte and a voltage step from -0.5 V to 0.5 V vs Ag|Ag + with 0.2 Hz scan frequency was applied to the system. During actuation, pressure changes were measured by a flexible pressure sensor (FlexiForce® Tekscan), which was embedded between the rubber and the solid cylinder. The diameter of the cylinder was ~38 mm.
Scanning electron microscopy (SEM) was performed with a JEOL JSM-7500 FA.
Samples were frozen in liquid nitrogen and then cut for cross section inspection. Mechanical properties of the samples were measured using a Shimadzu Compact Tabletop Testing Machine. The average elastic modulus of the latex rubber band was 0.64±0.06 MPa (fitted from strain less than 50%). The in situ conductivity was measured with an Agilent 34410A 6 digital multimeter during sample stretching. The sample size for these tensile tests was 5 mm (width) x 20 mm (length) and a crosshead speed of 20 mm/min was used.
RESULTS AND DISCUSSION
Gold coated (gilt) rubber (sandpaper side) with and without PPy were inspected by SEM and are presented in Figure 2 . Disordered surface features cover the entire surface of all samples. The degree of roughness was strongly correlated with grit size of the sandpaper.
Cross section images of the PPy/gold/rubber were also examined ( Figure 3) . Generally, the PPy was found to grow following the surface undulations of the substrate, forming a corrugated structure. The average size, wavelength, and amplitude of surface asperities on the rubber generally matched the corresponding grit size, also shown in Figure 3 . Adhesion of the gold/PPy to the rubber was reduced for the smoothest rubber films leading to delamination during sample drying and sectioning ( Figure 3 ).
Metallic coatings and inter-connects for CP devices have been shown to improve performance as a significant voltage (iR) drop exists over millimetre dimensions in CP materials. 31 For this reason the substrate conductivity during stretching was initially checked.
There was no obvious initial conductivity difference between the gold-coated rubber sheets prepared with different surface roughness. The average conductivity was measured as S/cm. Gilt rubbers with grit sizes of P1200, P600, P240 and P120 retained electrical continuity and showed negligible change in resistance when stretched to ~12%, ~18%, ~24%
and 30%, respectively (Figure 4a ). Above these strain limits the film resistance increased sharply. Gilt rubber from finer grit size sandpaper began to lose electrical conductivity at lower strain. The resistance increase at higher strains is associated with the formation and growth of cracks across the metal layer. 17 Recent studies have also found that chemical vapour deposited PPy on pre-stretched rubber with a similar corrugated structure can survive to approximately 50% strain without breaking. 21 Ideally, if the corrugation direction is oriented, the electronic conductivity will remain almost unchanged until the surface roughness is flattened by stretching. Further stretching would then lead to complete metal rupture and loss of electrical continuity.
The actuation performance of various PPy/gold/rubber samples was tested at different applied loads (Figure 4c ) and also at constant length (Figure 4d ). The linear actuation strain decreased for all samples with increasing applied isotonic stress produced by applying a given pre-strain prior to actuation. Extrapolation of these data to zero applied stress gives the 'free strain' and it is seen that the free strain decreased from ~3% to ~1% as the rubber roughness increased. The pressure generated at fixed strain also decreased for the rougher rubber substrates. Corrugated free-standing PPy films have previously been shown to actuate to 12% linear strain under similar conditions at small applied stress. 32 By choosing proper dopant and solvent, the linear strain of PPy films can reach as high as 30%. 33 The smaller strains observed in the current study are likely due to a combination of the effect of corrugation, choice of dopant and the restricting effect of the rubber substrate.
A simple geometry model of the corrugated PPy provides a partial explanation for the decreased actuation observed for rougher rubber substrates (Figure S2 a) . The length change projected on the axis parallel to the sheet direction is
giving an actuation strain of corrugated PPy as:
where is the unloaded sample length, H is a parameter related to the sample roughness (20-120 m, Fig. 3 ) and is the actuation strain expected from non-corrugated PPy. Increasing
corrugation is expected to decrease the actuation strain in the sheet direction, as experimentally observed and shown schematically (Figure S2 b) . A recent study reported an increase in actuation strain of free-standing corrugated PPy film in comparison to a noncorrugated film. 34 These free standing films were tested under tension where the corrugation height (parameter H) is likely to depend on the applied load so that the expected actuation strain is less predictable. In the present study, the PPy corrugation roughness is likely to be fixed by the underlying rubber layer and much less dependent on external loads.
A second major influence affecting actuation of the PPy/rubber composites is the restricting effect of the rubber layer on the PPy actuation. The laminated composite can be treated as the PPy actuator and rubber sheet loaded in a parallel arrangement ( Figure S3 ). The strain in each layer is always the same, so that any actuation strain generated by the PPy will be opposed by the elastic stress generated in the rubber layer. As described in the Supporting Information, the net actuation strain expected in this case is given by:
where represents the free strain of neat PPy films, is the stiffness ratio of rubber to PPy after actuation,  p is the pre-strain applied before actuation and Y and Y' are the Young's moduli of PPy before and after actuation. Both neat PPy and rubber are approximated as ideal elastic materials with stiffness defined as , where , , are Young's modulus, crosssectional area, and unloaded length, respectively. Increasing rubber roughness effectively increases the average thickness and stiffness of the rubber layer, increasing parameter r' and so reducing the actuation strain of the PPy/rubber composite actuators. With  p =0 equation
(b) predicts a decrease in free strain with increasing stiffness ratio r'. Experimentally it was observed that the PPy/rubber free strain decreased as the rubber roughness increased.
In all cases a decrease in strain occurred when a higher loading pre-strain was applied to the PPy/rubber samples (Figure 4c ). It is interesting that some samples (grit size of P240 and P600) were still able to generate reasonable actuation strains (~1%) at an applied stress of 160 kPa, corresponding to 24% pre-strain. The relationship between actuation strain and applied isotonic stress has been analysed previously for neat PPy actuators. 35, 36 In these systems the change in elastic modulus of the PPy before and after actuation causes a length strain that usually opposes the inherent actuation. The analysis described by equation (b) suggests that increasing applied pre-strain/stress will decrease the actuation strain linearly.
The predicted actuation strain at different loads is plotted in Figure 4c as dashed lines. Here the elastic modulus of PPy/TFSI at the initial reduced and final oxidized states were taken as Y~20 MPa and Y'~80 MPa, 37 and the bulk thickness of PPy and rubber were treated as ~24 µm and ~240 µm, respectively (taken from SEM images, Figure 3 ). The free strain of each case was obtained by extrapolating the strain-stress data to zero load. The experimental and calculated values agree closely in all cases except for the smoothest rubber film. PPy-coated rubber produced from the smoothest sandpaper (P1200) showed relative higher strain than the other samples but lost actuation strain more severely when the external stress increased. The difference between the measured and predicted actuation strains for this sample was perhaps due to the loss of conductivity caused by cracking in the gold layer ( Figure 4a ) and delamination of the PPy/gold from the rubber (Figure 3 ). Typical cyclic voltammograms, shown in Figure 4b , display pronounced redox peaks, but with a significantly lower current for the smoothest sample, indicating a decreased electrical conductivity.
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CONCLUSIONS
Here we successfully demonstrate a simple and novel method to create stretchable PPy actuators. The PPy/rubber composite actuators can be stretched to 25% and still provide a useful actuation strain (~2%). The stretchability was accomplished by introducing a disordered corrugated structure on the rubber substrate surface. The working pre-strain range of these stretchable actuators is substantially higher compared to free standing PPy at the cost of smaller actuation strain. However, the pressures generated are considered to be adequate for providing a gentle massaging effect in a wearable sleeve. The low input voltage of PPy actuators is a major advantage of these materials in comparison to competing stretchable actuators 38, 39 such as dielectric elastomers that operate at kilovolt inputs. Gold coated rubber were stretched to 50% of strain and then released to their original length.
Cracks on the metal layers were formed and ran perpendicular to the elongation direction.
These cracks in the metal layers are thought to be the main reason for the increase in resistance of the metal-coated rubbers when stretched to high strains. For an ideal corrugated structure simplified as a triangle wave and assuming that the thickness of the PPy layer is comparable to the surface roughness, the total length of PPy can be written as:
For a given sample length and parameter H related to the sample roughness, the total length of PPy changes to: The length change of PPy projected on the axis parallel to the sheet direction is:
by assuming roughness does not change during actuation.
Hence, the length change for a given band can be written as:
and actuation strain of corrugated PPy is:
Note that actuation strain and might be positive or negative, representing elongation or contraction of actuation.
Derivation of equation (b):
Figure S3. Length changes occurring during the loading and actuation process for an actuator working parallel to a spring. E is the applied electrical potential and Y is the actuator material's Young's modulus.
A PPy/rubber system can generally be treated as an actuator paralleled to a spring working against a constant load. The overall actuation stroke is determined by a combination of the voltage-induced shape change in the PPy and the change in length due to the applied
force. The actuator stroke is first estimated for the case where the stiffness of the PPy does not change when the voltage is applied (from stage A to stage B in Figure S3 ):
The second contribution to the actuator stroke occurs when the stiffness of the PPy changes due to the evolving of PPy's elastic modulus when a voltage is applied (from Stage B to Stage C in Figure S3 In the isotonic condition, the total force of the whole system remains constant, so now we have:
…… (4) and …… (5) Therefore, the final force applied to PPy is . Combining equations (1)- (5), the isotonic actuation strain ( ) can be given by:
in which indicates 'free strain' of a free standing PPy actuator, stands for the stepwise increased force induced pre-strain applied to the bilayer system. The free strain and stiffness ratios ( ) are constant values and usually , as the elastic modulus of PPy is larger at the oxidized state ( ) compared with the reduced state ( ). 1 The result is that the isotonic actuation strain is expected to decrease with increasing tensile pre-strain.
